Abstract Adsorption is an attractive route for the removal of coloured, toxic and non-biodegradable organics from wastewater as very low discharge standards can be achieved. This paper reports on the use of a novel carbon-based material, Nyex100, as an adsorbent material for the treatment of dyehouse effluent. The adsorbent has low porosity and high electrical conductivity and these factors have allowed the adsorbent to be electrochemically regenerated. This work has demonstrated that the adsorbent can be cycled through the process of adsorption and regeneration a number of times with little drop in adsorptive capacity. However regeneration appears to modify the preference for organic species adsorption. Electrochemical regeneration can be rapidly achieved (15-20 minutes) using low current densities (<20 mA cm -2 ). However, the low adsorptive capacity of the adsorbent, because of its small surface area, means that large quantities of adsorbent would need to be cycled within the process to treat the effluent volume generated in even small dyehouses. Thus, it is believed that operating the process in this mode limits the practical application of this technology.
Introduction
The dyeing of textiles results in large quantities of polluted wastewater characterised by a strong colour, high COD with low biodegradability, variable pH and high inorganic salt concentrations (Hao et al., 2000) . Increasingly stringent UK and European legislation means that dyehouses are under increasing pressure to reduce the pollution being discharged from their sites as effluent (Vlyssides et al., 2000) . The future of dyehouses in countries with strict environmental laws depends on the development of economically viable effluent treatment processes, particularly for water reuse. This reuse of water in production processes often requires a higher standard of treatment than is required in order to satisfy discharge consents (Ciardelli and Ranieri, 2000) .
Removal of colour from textile effluents using traditional techniques has generally been inadequate (Vlyssides et al., 2000) as modern dyes are required to have a high degree of chemical and photolytic stability (Easton, 1995) . In recent years there has been considerable interest in using electrochemical processes to treat a range of industrial effluents including landfill leachates (Chiang et al., 2001) ; tannery wastes (Szpyrkowicz et al., 2001) ; cigarette industry wastewater (Benankiwar, 2002) ; refractory industrial organics (Chiang et al., 1997) and vinasse from beet molasses (Vlyssides et al., 1997) . The susceptibility of dyehouse effluent to electrochemical treatment has been seen as a natural choice due to their high conductivity. Zhan et al. (2001) investigated both the direct and indirect electrochemical treatments in an undivided cell using Basic Green 4 as the dyestuff. They found that indirect electrochemical treatments using electro-generated hypochlorite were the most efficient. Jia et al. (1999) investigated the use of activated carbon fibre electrodes in an undivided cell treating industrially produced and simulated dyehouse effluents. They found that a voltage of 25 V was required to achieve good colour removal rates, although they do not report the applied current. The process was found not to be sensitive to pH, although the more satisfactory pH operating range was 7-11. Vlyssides et al. (2000) treated a textile dyeing wastewater from an azo dyeing process and found that a treatment time of 18 minutes with a current density of 0.89 A cm -2 reduced the colour by 100%, the COD by 86% and the BOD 5 by 71%.
In practical applications, dyehouse effluents often require a range of treatment processes and this has led to recent work using combined processes, often involving an electrochemical step. Xiong and Karlson (2001) used a two-step process to remove Acid Scarlet BS from simulated wastewater. Colour removal was achieved using iron (II) mediators which reduced the azo group followed by electrochemical oxidation in a three-dimensional electrode. Kim et al. (2002) used a fluidised biofilm process, chemical coagulation and electrochemical oxidation to treat a synthetic textile dyehouse wastewater. Lin and Chen (1997) used an electrochemical process (with the addition of hydrogen peroxide) followed by ionexchange to treat the secondary effluent from a large dyehouse to a standard sufficient for re-use.
In this paper an alternative combined approach using an electrochemical technique is applied to the treatment of dyehouse wastewaters. A novel carbon-based adsorbent material, Nyex 100, being developed by Nykin Developments, has been used to remove coloured, toxic and non-biodegradable organics from waters (Brown et al., 2003) . It is characterised by a low porosity and high conductivity which favours its electrochemical regeneration. The adsorbent concentrates the pollutant onto the adsorbent surface and laboratory trials have shown that the adsorbent can be electrochemically regenerated in the anodic compartment of a simple electrochemical cell. The adsorbent is then ready for re-use. No significant loss of adsorbent capacity on regeneration has been detected.
Materials and methods

Materials
The Nyex 100 was supplied by Nykin Developments in the form of a wet powder, and was used as received with an average dry solids content of 50%. This adsorbent is a low cost carbon powder that has been pre-treated by a proprietary process. All other chemicals were analytical grade supplied by Aldrich. A coloured effluent, used as a standard solution, was made using crystal violet in deionised water. The effluent was taken from a dyehouse in Manchester. This effluent was taken after on-site treatment comprising pH adjustment and solids removal. An analysis of the effluent is provided in Table 1 .
Methods
The effect of various parameters on the electrochemical regeneration of the adsorbent have been investigated by: 1. Initial adsorption: a known weight of Nyex 100 was mixed with the effluent in a 250 ml flask for 30 minutes (which was found to be sufficient to achieve equilibrium). The contents of the flask were then vacuum filtered (Whatman GF/C) and the filtrate analysed. 2. Electrochemical regeneration: the loaded, filtered but still wet adsorbent was mixed with sodium chloride or sulphate. The mixture was pressed into the anode compartment. A DC current in the range 5-60 mA cm -2 was applied for regeneration times of 1.5 to 80 minutes. There was no flow in the cell and the only mixing was due to gas bubbles produced at the electrodes. 3. Re-adsorption of the regenerated adsorbent was carried out using the total contents of the anode compartment under the same conditions as the initial adsorption. From this data the regeneration efficiency (RE) could be calculated. This was defined as:
RE (%) = adsorptive capacity of regenerated adsorbent * 100 adsorptive capacity of fresh adsorbent
Where adsorptive capacity is the adsorbate mass (mg) per gram of adsorbent under identical conditions for initial and re-adsorption. The electrochemical cell (Figure 1 ), operating in batch mode, comprised a parallel cell with a perforated 316 stainless steel cathode separated from a mixed metal oxide coated titanium anode (supplied by Electrode Products Technology Ltd) by a micro-porous Daramic 350 membrane. The anode was situated 10 mm from the membrane with an active area of 25 cm 2 . The electrolyte in the cathode compartment was 2% sodium chloride solution. Power was supplied by a Thurlby Thandor instruments DC power supply (PL320QMD).
Analysis
Regeneration efficiency using the coloured effluent was based on colour removal. This was determined using a UV/Vis spectrophotometer (Perkin Elmer Lambda 10) at 590.5 nm. The dyehouse effluent was analysed for colour (Perkin Elmer Lambda 10), COD (Hach colorimeter 890) and TOC (Shimadzu TOC V). Figure 2 shows the effect of changing the anode electrolyte composition and concentration. Sodium chloride electrolyte gave higher regeneration efficiencies than sodium sulphate, consistent with results by Narbaitz and Cen (1994) and Zhang (2002) on electrochemical regeneration of granular activated carbon. Their studies also showed a trend of increased regeneration efficiency with increased electrolyte concentration and this has been confirmed in the present study. Zhan et al. (2001) showed that the presence of sodium chloride during electrochemical treatment of synthetic coloured solutions improves the treatability of the effluent. However, the use of NaCl as the electrolyte may increase effluent toxicity due to the formation of chlorinated hydrocarbons. Figures 3-5 show the effect that the interrelated variables: current density, charge passed and treatment time have on the regeneration efficiency. Increasing the charge passed per gram of adsorbent shows increasing regeneration efficiency, achieving approximately 100% efficiency with a charge of 25-30 C g -1 . Further increases in charge passed had little effect. The scatter on the graph is due to the charge passed being achieved by varying both current density and treatment time.
Results
Coloured solutions
Increasing the current density ( Figure 4 ) causes a slight reduction in the regeneration efficiency but results in a significant increase in the cell voltage. Thus from an operational cost point of view it is desirable to keep the current density as low as possible to keep the cell voltage low. However, to pass the same charge per unit mass through the cell it is necessary to regenerate the adsorbent for longer periods. A current density of 20 mA cm -2 has been chosen for the work on dyehouse effluent. Figure 5 demonstrates clearly the effect of reducing current density on treatment time and shows little benefit is to be had in operating the cell at current densities of more than 20 mA cm -2 .
Since the adsorptive capacity of the Nyex 100 is significantly smaller than the adsorptive capacity of activated carbon (Brown et al., 2003) , the process will only be economically viable if the adsorbent can be reused many times. Figure 6 shows that the adsorbent can pass through the adsorption/regeneration cycle a number of times with little or no drop in adsorptive performance when using a regeneration time of 15 minutes (36 C g -1 ). A regeneration time of 5 minutes (12 C g -1 ) results in a reduction in capacity suggesting that incomplete regeneration is occurring. Figure 7 shows that the adsorbent can be used to remove virtually all colour (>97%) from the dyehouse effluent, although the removal rate for COD is smaller. Table 2 shows a typical colour consent (O'Neill et al., 1999) for discharge to surface waters and the quantity of Nyex100 to achieve this standard. This shows that large quantities of adsorbent are required to remove this colour, realistically 100 g l -1 . Thus for a plant generating 1,000 m 3 day -1 , 100 tonnes of adsorbent would need to be cycled through the plant. When it is remembered that to reuse the water a standard higher than the discharge consent is likely to be required (Ciardelli and Ranieri, 2001) , it suggests that the quantities involved would make this process unrealistic in this mode of operation.
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223 Table 2 Typical colour discharge consents (O'Neill et al., 1999) and adsorbent mass to achieve this discharge consent Wavelength (nm) Typical discharge consent Adsorbent mass to achieve consent (g l -1 ) Figure 8 shows the effect of reusing the adsorbent over a number of cycles, both with and without regeneration, for colour removal at three different wavelengths. This demonstrates that there is a change in the quantity of colour removed at each wavelength after regeneration. Thus after five cycles 45%, 38% and 55% of the colour are removed at 400, 550 and 700 nm, respectively, compared with 57%, -2% and 38% for fresh material. This suggests that there has been a modification to the surface which has changed the preferential adsorption of the organics responsible for colour at these wavelengths. This is an area which will require further study. Total organics removal (as measured by TOC) is approximately constant for the regenerated material, although there is considerable scatter due to the complex nature of the effluent.
Conclusions
Electrochemical treatment of Nyex100 loaded with crystal violet can restore its adsorptive capacity over a number of cycles using current densities of 20 mA cm -2 , passing charges of 25-30 C g -1 over a period of around 15 minutes. The use of sodium chloride as an electrolyte is preferred as it gives increased regeneration efficiency, but further work is required to determine the breakdown products, particularly with regard to the possible formation of toxic chlorinated hydrocarbons.
Treatment of dyehouse wastes using the proposed process can eliminate the colour (>97%) and significantly reduce the COD and TOC (78%) of dyehouse effluents. However, large dose rates are required to achieve the discharge consents making the process unlikely to be practically viable in this mode of operation. Electrochemical regeneration appears to modify the preferential adsorption of organics over a number of cycles, but high regeneration efficiencies can be achieved by passing a charge of 48 C g -1 in 20 minutes.
